Introduction {#s1}
============

Bone development occurs via two processes, intramembranous and endochondral ossification. Most skeletal elements, including vertebrae and long bones, are formed via endochondral ossification. Cartilage tissue is found at either end of long bones in regions called growth plates. Long bones grow when the chondrocytes in their growth plates divide and increase in number. The cartilage tissue in growth plates is composed of specialized chondroprogenitor cells called chondroblasts, which produce a large amount of extracellular matrix molecules including type II collagen fibers, an abundant proteoglycan-rich ground substance, and elastin fibers.

In humans, the gene mutation-associated constant activation of fibroblast growth factor receptor 3 (FGFR3) is known to be a causative factor in achondroplasia, cartilage hypoplasia, and lethal osteodysplasty, all of which can lead to micromelic dwarfism \[[@r12], [@r15]\]. Experimental FGFR3 activation in animals induced micromelic dwarfism, and abnormal differentiation, growth, and ossification of growth plate cartilage were noted \[[@r22]\]. C-type natriuretic peptide (CNP) inhibits FGFR3 signaling-induced activation of the mitogen-activated protein kinase (MAPK) pathway \[[@r27]\], and CNP-knockout animals develop achondroplasia-like dwarfism \[[@r5]\]. KMI rats lack cyclic GMP-dependent protein kinase II (cGKII) activity, which is presumed to be a downstream signal of CNP, due to a point mutation in the *cGKII* gene and are used as a spontaneous micromelic dwarfism model \[[@r4]\]. Many factors and mechanisms are associated with morphological changes in the differentiation, growth, and ossification of growth plate cartilage and have been investigated by preparing animal models in which these factors have been genetically modified \[[@r7]\]. On the other hand, there are several animal models of spontaneous micromelic dwarfism \[[@r3], [@r5], [@r19],[@r20],[@r21]\]. The preparation of a novel animal model of spontaneous micromelic dwarfism and the elucidation of the cause of such dwarfism would contribute to determining the pathology of micromelic dwarfism and the mechanisms responsible for the differentiation, growth, and ossification of growth plate cartilage. Rats with dwarfism accompanied by skeletal abnormalities, such as shortness of the limbs, tail, and body (dwarf rats), emerged in a Jcl-derived Sprague-Dawley rat colony maintained at the Institute for Animal Experimentation, St. Marianna University Graduate School of Medicine. In this study, since we hypothesized that the principal characteristic of the dwarf rats was an aggrecan synthesis disorder, which might have led to delayed calcification and increased growth plate thickening in their long bones, we named them cartilage calcification insufficient (CCI) rats.

Materials and Methods {#s2}
=====================

Rats
----

The proband rats were a male and female derived from a colony of Jcl-derived Sprague-Dawley (SD) rats. They had been maintained at our university and had produced dwarf progeny. The animal room was controlled at a temperature of 22 ± 2°C and 55 ± 5% humidity with 12 h of lighting (lights on at 6:00 am). The animals were given free access to food and water. Plastic cages (W270×L440×H187 mm) and wooden bedding chips (White Flake; Oriental Yeast, Tokyo, Japan) were used for maintenance.

All study protocols involving the use of animals were reviewed and approved by the institutional animal research committee and the president of St. Marianna University School of Medicine.

Breeding
--------

A male and female that had produced dwarf progeny were selected, and breeding was initiated by mating them. Their progeny were weaned at 4 weeks after birth, which is when the dwarf rats were able to grow independently. Wild type rats and heterozygote rats (*+/cci*) were morphologically normal (normal rats) and selected using the progeny test, and one-to-one mating of the heterozygote (*+/cci*) males and females was initiated at 12 weeks after birth.

Phenotypic characterization
---------------------------

All rats were weighed every week and had their total length (from nose to tail tip), body length (from nose to anus), tail length, and head length measured at 4 weeks after birth.

Soft X-ray analysis
-------------------

Carcasses of 4-week-old rats were fixed in 4% neutral buffered glutaraldehyde solution after the skin and visceral organs had been removed \[[@r2]\]. The head and the bilateral femurs and tibias were excised. Radiograms were acquired using a soft X-ray apparatus (SOFTEX-CMB; SOFTEX, Tokyo, Japan; 40 KV, 3.0 mAs, irradiation distance of 90 cm, exposure period of 40 seconds).

Tissue preparation
------------------

Specimens were embedded in Epon 812 (TAAB, Berkshire, UK ) without decalcification. Two-micrometer-thick sections were stained with toluidine blue and von Kossa stain, as described previously \[[@r16]\]. Other specimens were fixed with 4% paraformaldehyde (0.1 M phosphate buffer, pH 7.4, room temperature), decalcified in 10% ethylenediaminetetraacetic acid for 21 days at room temperature, and embedded in paraffin using standard procedures. Serial 5-*µ*m-thick sections were used for immunohistochemistry.

Immunohistochemistry
--------------------

A monoclonal antibody against aggrecan (12/21/1C6) was purchased from the Developmental Studies Hybridoma Bank (Iowa City, IA, USA). This antibody was utilized in our previous study \[[@r2]\]. Before the primary antibody reaction, all of the sections were digested with 25 mg/ml testicular hyaluronidase (Sigma Chemical Co., St. Louis, MO, USA) in phosphate buffered saline for 30 min at 37°C; and then were reduced and alkylated as described previously \[[@r17]\]. The streptavidin-biotin method was then performed using a Histofine SAB kit (Nichirei, Tokyo, Japan) as described previously \[[@r2]\]. The sections were treated with 3-amino-9-ethylcarbazole to develop the chromogen reaction. The negative control sections were incubated with normal mouse IgG instead of the primary antibody. The sections were examined after being counterstained with hematoxylin.

Statistical analysis
--------------------

Data are expressed as mean ± SD values. The statistical significance of differences was evaluated by analysis of variance (ANOVA) followed by Bonferroni's test and the Chi-square test. Differences were considered to be significant at *P*\<0.05.

Results {#s3}
=======

Hereditary
----------

The overall incidence of dwarfism in the litters produced in this study was 25.8%(male,26.3%; female,25.4%, and dwarfism developed in both genders. This suggested that the dwarfism was inherited in an autosomal recessive manner ([Table 1](#tbl_001){ref-type="table"}Table 1.Analysis of the modes of inheritance in the CCI ratTotal number\
of deliveriesNumber of pupsSegregation ratioPhenotypeNormal/DwarfNormalDwarfTotalMale6282248522.80*+/+cci/cci+/cci*Female6222128342.93*+/+cci/cci+/cci*2001,2504361,6862.87Spontaneously mutant CCI rats that showed dwarfism accompanied by skeletal abnormality such as shortness of the four limbs. Heterozygote rats (*+/cci*) were selected by the progeny test, and one-to-one mating of the heterozygote males and females was performed for the analysis of the modes of inheritance. The value of the segregation ratio (2.87) shows that the modes of inheritance of the CCI phenotype (*cci* expression) is an autosomal recessive inheritance. There was no difference in the incidence of dwarfism between male and female CCI rats (Chi-square test, *P*=0.689).). There was no difference in the incidence of dwarfism between male and female CCI rats (Chi-square test, *P*=0.689).

No progeny were obtained by mating male CCI rats with female CCI rats or male or female CCI rats with normal rats, confirming that the CCI rats were infertile or unable to reproduce.

Growth and body weight
----------------------

The body weight variations observed from 3 to 12 weeks after birth are shown in [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Growth curves showing the body weights of the normal and CCI rats.. The body weight of the CCI rats was markedly lower than that of the normal rats at 3 weeks after birth, and the difference increased with age. At 12 weeks after birth, the body weights of the male and female CCI rats were 40% and 57% of those of the normal rats, respectively.

Phenotypic characterization
---------------------------

A macroscopic examination and morphometric analysis of the CCI rats detected dwarfism accompanied by skeletal abnormalities, such as shortness of the limbs (all four limbs), tail, and body ([Figs. 2A, B and C](#fig_002){ref-type="fig"}Fig. 2.Macroscopic findings regarding body length (A, B) and tail length (A, C). Data are expressed as mean ± SD values of normal male (n=12), normal female (n=9), CCI male (n=6), and CCI female (n=6) rats. ^\#^*P*\<0.01 vs. normal male rats. \**P*\<0.01 vs. normal female rats.). In a comparison between the normal and CCI rats based on soft X-ray radiography performed at 4 weeks after birth, it was demonstrated that the limbs and vertebrae of the CCI rats were markedly shorter than those of the normal rats ([Figs. 3A, B and C](#fig_003){ref-type="fig"}Fig. 3.Radiographic findings regarding the lengths of the femur (A, B), tibia (A, C), and head (D, E). Both male and female CCI rats exhibited delayed posterior fontanel closing (arrows in D). Data are expressed as mean ± SD values of normal male (n=12), normal female (n=9), CCI male (n=6), and CCI female (n=6) rats. ^\#^*P*\<0.01 vs. normal male rats. \**P*\<0.01 vs. normal female rats.). The CCI rats also had shorter heads than the normal rats at 4 weeks after birth ([Figs. 3D and E](#fig_003){ref-type="fig"}). Moreover, it became clear that both the male and female CCI rats exhibited delayed anterior fontanel closing ([Fig. 3D](#fig_003){ref-type="fig"}). On the other hand, the long bones of the CCI rats had markedly greater radiolucent spaces among their growth plate cartilage than those of the normal rats, which was indicative of insufficient cartilage calcification ([Fig. 3A](#fig_003){ref-type="fig"}).

Von Kossa staining findings
---------------------------

Examinations of sections that had been stained with von Kossa stain indicated that the calcified matrix was located in the lowest part of the growth plate in the normal rats and that it was contiguous with the bone spicules in the primary spongiosa ([Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.Undecalcified sections of the tibial knee joints of a normal rat (A, B) and a CCI rat (C, D) that had been stained with toluidine blue and von Kossa stain. B and D show magnified views of the rectangular areas shown in A and C, respectively. The dotted lines indicate the erosion zone, i.e., the border between the growth plate (GP) and the primary spongiosa (PS). (A, B) A calcified matrix (arrows) was detected in the lowest part of the growth plate (GP), which was contiguous with the bone spicules (BS) in the primary spongiosa (PS). The bone spicules were arranged in an orderly manner along the long axis of the tibia. (C, D) The bone spicules (BS) were arranged randomly and were thicker that those seen in the normal rats. Staining intensity did not differ between the normal and CCI rats (compared with the BS in B). We obtained the same results when we examined three different samples (n=3). Bar=200 *µ*m), which were arranged in an orderly manner along the long axis of the tibia ([Fig. 4B](#fig_004){ref-type="fig"}). Conversely, the bone spicules of the CCI rats were arranged randomly and were thicker than those observed in the normal rats. However, the staining intensity did not differ from that seen in the normal rats ([Figs. 4C and D](#fig_004){ref-type="fig"}).

Histological and immunohistochemical findings
---------------------------------------------

Examinations of tibial knee joints demonstrated that the articular cartilage and growth plate were clearly distinguishable and that the growth plate cartilage had been organized into a well-established zone at 4 weeks after birth in the normal rats ([Fig. 5A](#fig_005){ref-type="fig"}Fig. 5.Longitudinal sections from the tibial growth plates of normal rats (A, C, D) and CCI rats (B, E, F) that had been stained with toluidine blue (A, B) or immunostaining for aggrecan (C − F). D and F show magnified views of the rectangular areas shown in C and E, respectively. The articular cartilage (AC in A) and growth plate (GP in A) in normal rats were clearly distinguishable, and the architecture of the chondrocyte zones in the growth plate cartilage (two-way arrow) was well established in the normal rats. The secondary ossification center in CCI rats (arrow in B) had not fully formed, and the growth plate (GP, two-way arrow in B) in the CCI rats was longer than that in normal rats (GP in A). The architecture of the chondrocyte zones was irregular or disorganized in the CCI rats. In the normal rats, aggrecan immunostaining (arrows in C) was detected in the articular cartilage (AC in C) and the growth plate (GP in C). At higher magnification, aggrecan immunostaining was evenly distributed throughout the growth plate (arrows in D). In the CCI rats, aggrecan immunostaining (arrows in E) was unevenly distributed throughout the articular cartilage (AC in E) and growth plate (GP in E). At higher magnification, an aggrecan--negative area was also observed (arrow in F). We obtained the same results when we examined three different samples (n=3). Bars=100 *µ*m). However, the secondary ossification center had not fully formed, and thicker growth plates were observed in the CCI rats. The growth plate cartilage was also arranged in a disordered manner in the CCI rats ([Fig. 5B](#fig_005){ref-type="fig"}). Aggrecan immunostaining was detected in both the articular cartilage and growth plate in the normal rats ([Figs. 5C and D](#fig_005){ref-type="fig"}). At higher magnification, it was found that the aggrecan immunostaining was evenly distributed throughout the growth plate (arrow in [Fig. 5D](#fig_005){ref-type="fig"}). In the CCI rats, aggrecan was unevenly distributed throughout the cartilage tissue ([Figs. 5E and F](#fig_005){ref-type="fig"}). In particular, an aggrecan--negative area was observed in the middle of the growth plate (arrow in [Fig. 5F](#fig_005){ref-type="fig"}).

Discussion {#s4}
==========

Many spontaneously mutant rat strains \[[@r5], [@r20], [@r22], [@r27]\] have been established as human disease models and used for etiological studies and to facilitate the development of new medicines and treatments. Since the dwarfism observed in the CCI rats used in the present study was assumed to be due to a genetic mutation based on its frequency, we bred the rats with this dwarfism and investigated their characteristics to identify the causative factors of their condition and whether they could be used as a human disease model. Endochondral ossification was markedly delayed in the dwarf rats, which makes these rats different from other animal models of dwarfism in the manner of the cartilage and bone maturation \[[@r5], [@r20], [@r22], [@r27]\]. The CCI rats did not typically show histological findings such as cracks or fissures at the articular surface, which was also quite different from osteoarthritic model mouse strains \[[@r26]\].

Different from the normal rats, the CCI rats did not exhibit any gender differences in body, tail, or bone length during the early stages of their growth. However, the homozygous mutants of the Komeda Miniature Rat Ishikawa (KMI rat) strain exhibited growth equivalent to 70 to 80% of that of both sexes of heterozygous animals and retained the gender differences during growth \[[@r4], [@r20]\]. The cartilage matrix deficiency (*cmd*) mouse is a natural aggrecan gene knockout mouse, and homozygotes (*cmd/cmd*) show severe dwarfism and immediately die after birth. Even heterozygous mice (*+/cmd*) show slight dwarfism, resembling CCI rats in the present study \[[@r24], [@r25]\]. Thus an aggrecan synthesis disorder, which might lead to delayed endochondral ossification and increased growth plate thickening, might be a reason for dwarfism in the CCI rats.

The SRY gene provides instructions for making a transcription factor called the sex-determining region Y protein. It contains a high-mobility group (HMG)-box DNA-binding domain characteristic of the SOX family of transcription factors. The SRY protein causes a fetus to develop as a male. The related autosomal gene *Sox9* is also known from loss-of-function mutations in mice and humans to be essential for Sertoli cell \[[@r14]\] and chondrocyte differentiation \[[@r1]\]. Thus, the gene carrying the mutation responsible for the CCI phenotype might be involved in determining gender differences in endochondral ossification and skeletal growth.

As a result of mating, both male and female CCI rats were infertile (data not shown). The causes of infertility of the CCI rats is being investigated. The vaginal smears of female CCI rats demonstrated an abnormal sexual cycle. Other dwarf rat strains, the growth hormone-deficient, spontaneous dwarf rat (SDR) \[[@r3]\] and *prkg* gene-mutated KMI rat \[[@r11]\], were fertile. Thus, infertility was the major characteristic of the CCI rats. The reason for infertility in CCI rats is unknown. Several kinds of glycoproteins in the zona pellucida (ZP) around the egg, however, are essential for binding of sperm with the ZP \[[@r18], [@r23]\]. Thus, this aggrecan, impaired synthesis of glycoproteins may be associated with infertility of CCI rats. The body weight of CCI rats was significantly lower than that of the normal control rats (at eight weeks of age, 46% (males) and 53% (females) of the normal rats). KMI rats presented similar abnormalities in the growth plate cartilage and less pronounced dwarfism compared with the CCI rats (at eight weeks of age, 70--80% of the body weight of the normal rats). The CCI rats were also characterized by marked dwarfism.

An aggrecan synthesis disorder, which might have led to delayed calcification and increased the growth plate and articular cartilage thickening, was detected in the CCI rats by the immunohistochemical examination. Thus, a deficiency of aggrecan affects chondrocyte maturation in the growth plate and articular cartilage, leading to the arrest of long bone maturation \[[@r9], [@r13]\]. The head length of the CCI rats was also affected by a delay in age-dependent cartilage growth and ossification at the cranial base synchondrosis, which is composed of sphenoethmoidal, intrasphenoidal, and spheno-occipital synchondroses \[[@r10]\]. Chondrocyte disorganization due to molecular disorders such as aberrant hedgehog and Wnt canonical signaling in cartilage tissue might be partially responsible for the phenotypes of CCI rats \[[@r6], [@r8]\]. Phenotypic variations might also be induced by differences in genetic background, although advanced genomic analysis is required to confirm this. Since we hypothesized that the principal characteristics of the dwarf rats was an aggrecan synthesis disorder, which might have led to delayed calcification and increased growth plate thickening in their long bones, we named them cartilage calcification insufficient (CCI) rats.
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